The process of surface roughness formation is complex and dependent on numerous factors. The analysis of the latest reports on the subject shows that mathematical relationships used for determining surface irregularities after turning and milling are not complete or accurate enough and, therefore, need to be corrected. A new generalized mathematical model of roughness formation was developed for surfaces shaped with round-nose tools. The model provides us with a quantitative analysis of the effects of the tool representation, undeformed chip thickness, tool vibrations in relation to the workpiece, tool runout (for multicutter tools) and, indirectly, also tool wear. This model can be used to prepare separate models for most of the typical machining operations. Surface roughness is represented here by two parameters Ra and Rt. Simulations carried out for this model helped to develop nomograms which can be used for predicting and controlling the roughness Ra of surfaces sculptured by face milling. The paper contains also verification of the mathematical model for surfaces sculptured by face milling.
Introduction
Machining is still the most commonly used method of product formation of all manufacturing technologies. As it is also very expensive, it seems reasonable to select the most suitable conditions. The research on the metal cutting process as a dimensional and surface treatment aims at improving the cutting efficiency and, consequently, the technical quality of the outer layer of a machine part [1] , [2] , [3] .
Machining a basic production operation -is predicted to improve or at least maintain its position in the engineering industry, especially if precision is involved.
The increasing accuracy of metal cutting, particularly turning and milling, causes that surfaces sculptured in this way seldom require finishing, which has a positive effect on the properties of ready products. If ceramic or CBN cutters are used it has become a rule to replace grinding with turning or milling after casting or forging so as to obtain required dimensions and surface finish [4] . Therefore, the geometrical structure generation and the properties of the outer layer obtained in the course of machining are important problems of both theoretical and experimental studies nowadays. Roughness is an essential factor in tribology as it determines the quality of the outer layer and evaluates the cutting process [4] .
Roughness, characterized by parameters determined by measuring its irregularities is said to be one of the most important factors affecting the operating properties of machine elements, expressed, among others, by friction conditions on contact surfaces, contact stresses, fatigue strength, corrosion resistance, tightness of joints, conditions of flow for fluids and gases, electrical and thermal contact resistance, superficial thermal radiation or magnetic properties [5] .
The metal cutting process is generally accompanied by vibrations. These are mainly due to changeable forces produced by the tool, unbalance of rotating masses, performance of bearings, shafts, and toothed wheels, nonhomogenity of the stock, etc. [4] and [6] to [7] .
In the turning and milling operations, roughness is mainly a result of the stereometric and kinematical tool representation; also it is dependent on the unremoved fragment of the material, relative toolworkpiece vibrations, the tool runout, and, finally, the tool wear [8] , [9] .
The mathematical models discussed in specialized literature focus on the quantitative influence of tool representation, and on one of the following factors: vibrations, cutter run-out, and sometimes tool wear.
Since roughness constitution is reported to be an extremely significant process, a number of researchers are involved in the study of the effects of the above mentioned factors on surface roughness in the metal cutting process. Their results as well as those obtained by the authors were used to develop a new model of surface roughness constitution [8] .
Model of surface roughness in metal cutting

Model assumptions
In practice, a cutting edge is never ideally sharp, thus a certain rounded cutting edge radius r n needs to be taken into account. During a metal cutting process, part of the allowance is removed, its thickness being greater than a certain threshold thickness called minimum undeformed chip thickness h min [8] and [9] . Generally, the process of metal removal is accompanied by relative tool-workpiece system vibrations that will be represented on the generated surface. It is crucial that the process of constitution of lateral roughness (in the feed direction) represented by the parameters Ra and R t be modeled for surfaces sculptured with a rounded cutting edge described by the equivalent radius r z .
The model includes: − the stereometric-kinematic representation of the cutting edges, − the unremoved fragment of the material, − relative displacements of the tool and the stock in the direction normal to the machined surface, − the tool run-out in the direction normal to the machined surface and − the tool wear. Moreover, it was assumed that: − the vibrations in the machining system occur irrespective of the tool run-out; − the stock material is ideally elastic; − the influence of other factors disturbing the ideal representation of the tool is negligible; − the tool wear affecting the roughness of machined surfaces results in a change in the rounded cutting edge radius r n ; this has an influence on the minimum undeformed chip thickness h min and variations in relative displacements in the toolworkpiece (T-W) system [8] . Fig. 1 shows the lateral profile of a surface generated after a pass of the i-th cutter during the l-th revolution of a multicutter tool moving along the x-axis with a feed motion, performing vibrations and showing cutter runouts. A lateral profile of such a surface is described by the following relationship: The instantaneous orientation of the i-th cutter in relation to the workpiece due to the face run-out ρ i can be described using the relationship: Fig. 1 . Lateral roughness profile of a surface face-milled with the feed rate fz with a milling head equipped with round corner cutters with the radius r due to relative displacements of the tool and the workpiece ξil and an instantaneous cutter position resulting from the face run-out i
Description of a modeled work surface profile
where: e − face run-out of the cutters. The range limits are given by:
where: h min − minimum undeformed chip thickness. ξ are independent random variables, then the profile of a modeled surface is no longer a periodic curve; it is said to be a stochastic process algebra.
To determine the parameter Ra of a surface described by eq. 1, it is necessary to define a functional for a set of the stochastic process algebras. 
Predicting the roughness of surfaces face milled with a coromill 390
The mathematical model presented in Ref. [1] was used to develop a Mathcad application, perform simulation calculations, and, finally, create graphs for predicting the values of surface roughness Ra during a face milling operation with a CoroMill 390 equipped with rounded corner inserts. The milling was conducted under the conditions recommended by the producer.
The simulation was carried out to analyze the effect of: − the feed, − the number of inserts, − the tool corner radius, − the vibrations in the tool-workpiece system, − the minimum undeformed chip thickness. Figure 2 shows a graph used for predicting the effect of the feed f z on the parameter Ra for thirteen types of inserts offered by the cutter producer. Analyzing the curves in Fig. 2 , one can see that the impact of the feed f z on the value of Ra becomes less and less significant, when the length of the corner radius r ε decreases. Applying feeds of 0.03-0.10 mm/tooth results in the instability of the milling operation, and, accordingly, high values of the surface roughness parameters Ra. At higher feeds, the tool corner radius has an important effect on the surface roughness Ra. Applying high feeds and cutting tools with large corner radii, it is possible to obtain a multiple decrease in the parameter Ra, an increase in the machining capacity, and as a consequence, a reduction in production costs.
The simulations to determine the effect of vibrations were conducted assuming that D(ρ)=1 μm and D(ξ)= 0, 1, 2, 3, 4 μm. The calculations were performed assuming that the tool corner radius, r ε , was 0.4 mm, and the minimum undeformed chip thickness, h min , was 1 μm. The calculation results are represented graphically in Fig. 3 . As can be seen from Fig. 3 , the higher the value of the feed f z , the less effect the vibrations D(ξ) have on the roughness Ra. When feed ranges 0.25 to 0.35 mm/tooth, the influence of the vibrations on the process of microhardness formation becomes negligible. Figure 4 shows the influence of the feed, f z , on the parameter Ra for five different values of the minimum undeformed chip thickness h min . The simulations show that the minimum undeformed chip thickness h min has a significant effect on the surface roughness Ra in face milling at small values of the feed. For feeds higher than 0.15 mm/tooth, the influence is small; and for lower feeds it becomes negligible.
Finally, it was essential to simulate the influence of the number of inserts on the parameter Ra during face milling for five ranges of the feed. The results show that the number of inserts is important, yet only to a certain extent. From fig. 5 it is clear that by applying two inserts we obtain the lowest value of the parameter Ra. Increasing the number of inserts to more than four does not cause any changes in the geometrical surface structure.
Verification of the mathematical model based on the example of face milling machining
The operation of the computerised test stand for registration and analysis of a lateral profile of the GSS was presented in ref. [1] . The investigation involved milling specimens without any cooling or lubricating fluid at the F2-250 vertical knee-type milling machine, whose head was inclined at an angle of 1 o so that a unidirectional GSS would be formed. Cubicoid-shaped specimens were made of 45 steel (180 ÷ 200 HB hardness) and L 200 cast iron (180 ÷ 200 HB hardness).
The specimens were milled with a 160 mm diameter cassette head equipped with round RNGN 120400 T02020 inserts made of AZ-10 white ceramics and TWN black ceramics in the following conditions:
• Surfaces machined in these conditions were analysed by registering their profiles and recording in the form of files by means of a computerized test stand. The registered lateral profiles of the surface microroughness were analysed after determining the standardised unilateral function of spectral power density (FSPD).
On the specimens milled in the specified conditions, the lateral roughness Ra was measured fifteen times in the direction of the feed by means of a computerized test stand [9] . Analysing Fig. 7 , one can see that if the feed goes down, the value of the parameter Ra falls to the minimum for f z 0.06 mm/tooth and then slightly goes up (with the exception of Fig. 6a , where it rises first and then falls). Thus, the minimum surface roughness is obtained for the feed f z 0.06 mm/tooth.
Conclusions
1.
The roughness of surfaces sculptured with multicutter tools, the cutters having specified stereometry is quantitatively affected by the cutting edge representation, the unremoved fragment of material, relative tool-workpiece system vibrations, the cutter run-out, and partly the tool wear.
2.
There exists a general mathematical model for the constitution of surface roughness independent of the method of metal cutting using tools with specified geometry. The vibrations of the tool-workpiece system, the cutter run-out (for milling), and the unremoved fragment of material constitute a limitation for surface roughness, thus it is necessary to reduce them to a minimum.
3. The feed rate is reported to have a considerable influence on the roughness of surfaces in facemilling only for high feed rates per tooth and small radii of the cutters. The influence becomes greater with an increase in the feed rate and a decrease in relative displacements as well as the minimum deformed chip thickness. will fail to decrease surface roughness (and the feed rates z e 100 f z < will even increase it), and reduce the process capacity.
5.
The values of the parameters Rat determined from the author's own model were within the confidence range of the measured values Ra. Hence the conclusion that the roughness Ra of surfaces facemilled with round blades, except from the blade mapping, affects considerably the non-removable part of the machining allowance, the relative vibrations of the tool and the work and the face milling of the blades.
6. An increase in the value of v c for 45 steel leads to a decrease in the value of the parameter Ra and from v c 180 m/min its stabilisation. The influence of v c on the roughness Ra for cast iron is not clear. The influence of the feed f z on the roughness Ra of surfaces milled with one blade is small. When machining l200 cast iron with an 8-blade head, an increase in the feed f z caused an increase in the value of the parameter Ra. Smaller roughness was obtained after machining with inserts made of AZ-10 white ceramics. The surfaces machined with one blade were characterised by smaller roughness Ra than those machined with eight blades. It should be noted that the machining of highly efficient round ceramic inserts can be used as finishing because of low values of the parameter Ra (the minimum value of Ra 0.4 µm).
